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Nanoindentation techniques have not been standardized for use on bone tissues, making 
comparison of bone material properties obtained via nanoindentation across studies 
difficult and unreliable. This study determined a set of optimal parameter values for 
thermal drift correction time, dwell time, and loading rate that can be used to obtain 
accurate and repeatable material properties from human femoral trabecular bone through 
experimentation and statistical analysis. All testing was conducted using a single 
nanoindenter on a single trabeculae, with the assumption that material properties within 
the individual trabeculae were internally consistent. Parameters not of interest during this 
study, such as ambient temperature, maximum load, and maximum indentation depth 
were held constant throughout all experiments. Elastic modulus and hardness data were 
calculated using the Oliver-Pharr technique. The optimal values for these parameters are 
as follows: 150 seconds for thermal drift correction time, 30 to 60 seconds for dwell time, 
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Chapter 1  
INTRODUCTION 
 
Nanoindentation is a subset of indentation hardness tests used to determine the mechanical 
properties of materials, specifically the properties of material surfaces or submicron thick 
material coatings [1]. Nanoindentation has primarily been used to determine elastic modulus and 
hardness values, but it has also been shown to be an effective method to study viscosity, creep, 
stress relaxation, and residual stresses [1][2]. During indentation hardness tests, an indenter tip 
with known geometry and material properties is pressed into a sample of a material with 
unknown material properties. Nanoindentation is differentiated from other indentation hardness 
tests in that nanoindentation is performed using smaller loads and length scales (down to the 
order of millinewtons and nanometers, respectively). First performed in the early 1970’s [3], 
nanoindentation techniques have since been refined and used in a variety of fields on a broad 
spectrum of applications. A more detailed exploration of the theory behind nanoindentation will 
be presented before examining current examples of nanoindentation use in the medical field, 
specifically in regard to bone tissue.  
 
Indentation experiments have been performed and studied since Hertz developed his equations 
for solid contact in the 1880’s [3]. Sneddon developed the load-displacement relationship for a 
rigid conical indenter in 1948 and for an indenter that was an arbitrary solid of revolution in 
1965 [3]. In developing his analytical models, Sneddon used assumptions that were strict enough 
to limit the practical applications of his work, namely the assumptions that the indenter had 
perfect geometry and known parameters, as well as that the test sample was incompressible and 
linearly elastic [3]. In 1992, Oliver and Pharr published a procedure that overcame Sneddon’s 
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assumptions by applying a correction factor which allowed elastic properties (reduced modulus) 
to be obtained from an indentation test, enabling practical application of nanoindentation. [3]. 
Reduced modulus represents the elastic deformation of both the sample material and the indenter 
tip, and from reduced modulus the sample material’s elastic modulus can be calculated (Equation 
7). The method that Oliver and Pharr developed is desirable because it can be used to obtain 
reduced modulus from load-displacement data without imaging the surface of the indented 
material [4].  
 
 
Figure 1.1. Representative graph displaying parameters necessary for Oliver-Pharr analysis of 




The three parameters that are necessary to obtain elastic material properties from load-
displacement data gathered during a nanoindentation experiment can be seen in Figure 1.1. 
These parameters are maximum load, maximum displacement, and the elastic unloading stiffness 
[4]. Maximum load (Pmax) and displacement (hmax) can be gathered directly from the recorded 
data. The elastic unloading stiffness (S) is calculated by taking the slope of the initial stages of 
the unloading curve [4]. The final important parameter is the final depth (Hf), which is the 
permanent final depth of the indenter tip after it has been fully unloaded. This analysis of load-
displacement data uses the assumption that deformation during loading is both elastic and plastic, 
while only elastic displacements are recovered during the unloading portion of the test. This has 
been shown to be a valid assumption using finite element modelling [4]. 
 𝑃 =  𝛼(ℎ − ℎ𝑓)
𝑚 (1) 
In Equation 1, P is the load, the constants and m are material specific power law fitting constants, 
h is displacement, and hf is the final displacement once unloading has been completed. Empirical 
data has shown that unloading curves are non-linear and can be approximated using Equation 1. 
Using assumptions about the behavior of the periphery of the indented sample as well as 
empirical data, a relationship was discovered between the cross-sectional area of the indenter at a 
certain distance from the indenter tip. Equation 2 describes the amount of sink-in (hs) during 
unloading as a function of the maximum applied load (Pmax), elastic unloading stiffness (S), and 
an indenter tip geometry constant (𝛜). The indenter tip geometry constant (𝛜) is 0.72 when using 
a Berkovich tip. Sink-in is the depth around the perimeter of the indenter tip at which sample 
material is no longer flush with the indenter tip itself, as can be seen in Figure 1.2.  







Figure 1.2. Diagram of nanoindentation parameters used to describe material behavior during 
unloading [4] 
 
The contact depth (hc), the depth of sample material in contact with the indenter tip, can then be 
calculated using Equation 3. The indentation area (A) is thus a function of the contact depth 
(Equation 4). In developing Equation 4, Oliver and Pharr assumed that pile-up of material at the 
perimeter of the contact area is minimal [4]. Using Equation 6, this cross-sectional area can be 
used, along with the maximum applied load, to calculate the hardness of the sample material [4].  
 ℎ𝑐 = ℎ𝑚𝑎𝑥 − ℎ𝑠 (3) 
 𝐴 = 𝐹(ℎ𝑐) (4) 




The reduced modulus can be calculated as well by using Equations 6 and 7. The cross-sectional 
area (A) and the elastic unloading stiffness (S) are also used in these equations, along with the 
unitless parameter β. This parameter (β), referred to as the “shape factor”, was originally 
assumed to be 1. Experimental data has since been collected that indicates that this is not an 
accurate assumption [4]. Shape factor values used in these calculations should be between 1.025 
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and 1.075, depending upon the geometry of the indenter tip used [5]. The elastic modulus of the 
sample material can then be calculated from its relation to the reduced modulus using Equation 
7, if the indenter tip material properties are known. In Equation 7, Esample and Eindenter are the 
elastic moduli of the sample and indenter tip, and 𝝂sample and 𝝂indenter are the Poisson’s ratios of 
the sample and indenter tip. For diamond indenter tips, the elastic modulus is 1141 GPa and 
Poisson’s ratio is 0.07 [4]. Poisson’s ratio of the sample is often initially assumed to be 0.3.  
















Work has also been done to help understand how the response of a material relates to indenter 
depth. This response is known as the “size effect” of nanoindentation [6]. Plasticity theory 
predicts that the hardness of a material should be independent of indentation depth, but empirical 
data suggests that this is not true, especially for crystalline metals. Various physical mechanisms 
for the nanoindentation size effect have recently been proposed, as initially this empirical 
discrepancy with theory was thought to be due to errors in experimental setup [6]. The current 
accepted explanation for the size effect is the origination and movement of geometrically 
necessary dislocations (GNDs) during nanoindentation and these dislocation’s interactions with 
grain boundaries. Geometrically necessary dislocations are dislocations that arise during 
nanoindentation in order to ensure compatibility between the indenter and the sample material. 
Dislocations accumulate at grain boundaries causing local hardening as the indenter moves 
deeper into the material [6]. This is especially evident in the comparison between single 
crystalline and polycrystalline metals, as initially both have similar responses to indenters, but 
polycrystalline materials exhibit a higher hardness due to dislocation pile up at crystal grain 
boundaries as the indenter moves deeper into the material. Once the stress due to this 
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accumulation of dislocations reaches a critical value, the dislocations jump to the next grain 
boundary and the polycrystalline material behaves once again like a single crystalline material 
[6]. The conclusion that indentation depth does have an effect on material hardness has been 
empirically demonstrated, but more research needs to be done to fully understand the mechanism 
behind this phenomenon and to apply this understanding to a more broad range of materials [6].  
 
Nanoindentation has not only been used to study engineering materials, but also has been used to 
evaluate biological materials such as bone tissue. Nanoindentation is a common method used to 
study bone material properties due to nanoindentation being agnostic to the size, shape, and 
porosity of bone [7]. Unfortunately, material properties from bone that have been gathered via 
nanoindentation have not been uniform across studies. This has been attributed to differences in 
the bones themselves, but Rodriguez-Flores et al. have shown that testing and analysis protocols 
can have an effect on the material properties that are extracted from bone tissue via 
nanoindentation [7]. They compared hardness and elastic modulus values obtained from the 
same murine tibial bone samples via various indenting methods (wet vs. dry), embedding 
procedures (dry epoxy vs. PMMA), probe types (Berkovich vs. spherical), and data analysis 
methods (Oliver-Pharr vs. Viscoelastic vs. Viscoelastic-Plastic). Their findings indicated that 
mechanical properties obtained via nanoindentation were in fact dependent upon experimental 
setup and could not solely be attributed to differences between individual bone samples. 
Rodriguez-Florez et al. emphasized that caution must be used when comparing bone tissue 
mechanical properties that have been obtained across studies using various experimental 




The small length scale of nanoindentation allows for the study of various individual 
microstructures within bone. A variety of studies have been performed with the goal of 
determining the mechanical properties of these microstructures. Zysset et al. used 
nanoindentation experiments to test the hypothesis that elastic properties of human bone were 
constant across osteonal, interstitial, and trabecular microstructures [8]. They noted that 
theoretical models for bone lamellae had been developed but not empirically backed. Zysset et 
al. also highlighted that reported elastic modulus values for human trabecular tissue obtained via 
nanoindentation range from 1.3 to 14.8 GPa and commented that they believed this was too high 
of a range in properties to report when using a single experimental technique [8]. Their findings 
indicated that their hypothesis was incorrect, and that the modulus of compact and trabecular 
bone did in fact vary significantly, contradicting assumptions of many previous researchers in the 
same field [8]. Another result of this study was the difference in range in elastic modulus values 
obtained via nanoindentation versus mechanical and ultrasound testing. Zysset et al. reported that 
nanoindentation had a standard deviation of over 5 GPa for compact bone elastic modulus, while 
the other methods had standard deviations of around 1.5 GPa [8]. 
 
This finding supports the earlier observations made that elastic properties obtained via 
nanoindentation can often be imprecise. Feng et al. performed a similar study to observe how 
mechanical properties varied within porcine femoral bone microstructures across age groups and 
direction (transverse vs. longitudinal) [9]. They found that cortical bone became stiffer and 
harder with age, but that this effect was not uniform throughout bone microstructure. Laminar 
bone and interstitial bone did not undergo the same change with respect to age, which is thought 
to be due to mineralization level, collagen fiber orientation, and degree of cross-linking between 
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collagen fibers [9]. A similar nanoindentation study has shown that both elastic modulus and 
hardness decline in osteons as the radial distance from the Haversian canal increases [10]. It was 
also noted that the small length scale of bone tissue microstructures made obtaining this data 
difficult, and that this difficulty may hinder the accuracy of the obtained data. Feng et al. noted 
that there were significant increases in hardness and elastic modulus data when comparing bones 
that had been tested in a wet vs. dry state (45% and 16%) [9]. They also noted that their findings 
showed that this increase was greater than previously reported, most likely due to the fact that 
they air dried their bone samples for 24 hours, while other studies have dried their bone samples 
in alcohol for longer periods of time [9]. Pense and Chen, in their study of the effect of bone pore 
fluid on the viscoelastic properties of bone, note that elastic modulus values obtained for bone 
tissue by nanoindentation can vary from 10 to 25 MPa, and that this result is highly dependent on 
how the bone tissue is prepared, indented, and analyzed [11]. These discrepancies between 
material properties obtained for bone samples via nanoindentation across studies is a consistent 
theme throughout the current literature.  
The application of bone nanoindentation studies in the medical field is primarily centered around 
furthering the current understanding of the effects of osteoporosis on bone tissue. 
Ovariectomized rats have been used as an animal model for postmenopausal osteoporosis since 
the 1980’s [12]. Guo and Goldstein performed a study to determine if ovariectomized rats had 
different trabecular bone material properties than non-ovariectomized rats [12]. Nanoindentation 
was an ideal tool to use in this study due to the small size of the murine trabeculae. Guo and 
Goldstein found that despite bone loss in the ovariectomized rats, the elastic modulus and 
hardness of the ovariectomized trabeculae were not significantly different than the modulus and 
hardness of the non-ovariectomized trabeculae [12]. The same has been shown to be true in 
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humans with osteoporosis, in that osteoporotic bone does not have different material properties 
than normal bone, but that individuals with osteoporosis have less healthy bone than non-
osteoporotic individuals [13]. Tjhia et al. have performed several studies examining how human 
bone responds to osteoporosis treatment with bisphosphonates [14, 15]. Bisphosphonates are 
prescribed to osteoporotic individuals in order to slow bone loss, but long-term bisphosphonate 
use has recently been associated with atypical femoral fractures. These fractures most commonly 
are femoral fractures in locations such as the femoral shaft that are not associated with acute 
trauma. Tjhia et al. have shown that long-term bisphosphonate treatment can cause changes in 
the mechanical properties of bone tissue, and that these changes are often linked to an increased 
risk of fracture [15]. This elevated risk is proposed to be due to a variety of factors, one of which 
is the increased overall age of the bone tissue of patients who have been taking bisphosphonates, 
as bisphosphonates suppress bone turnover.  
Comparing bone material property results from nanoindentation experiments across studies is 
difficult due to the large discrepancy in results obtained via these nanoindentation studies. This is 
potentially due to the varied nanoindentation parameters that are used by each research group, as 
the optimal nanoindentation technique for use with bone tissue has not yet been standardized 
[16]. It has generally been recognized that each indentation needs to be spaced at an appropriate 
distance from other indentations in order to avoid local material deformities from distorting data 
and to accurately sample as much of the bone sample as possible, but the ideal distance has not 
been agreed upon. For example, Isaksson et al. sampled bone tissue in a grid like pattern with 10 
μm between each indentation, Wang et al. used a 15 μm grid pattern, while Zysset et al. also 
sampled their bone samples in a grid pattern, but with 30 μm spacing [8][16][17]. Parameters 
such as loading rate, indentation depth, dwell time, thermal drift correction time, and load 
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frequency, among others, also vary from study to study. Without standardization of test 




































The goal of this study is to determine the optimal parameter values that should be used during 
nanoindentation of bone in order to obtain accurate, repeatable bone material properties through 
experimentation and statistical analysis. The parameters tested were thermal drift correction 
time, dwell time, and loading rate. A wide range of values for each of these parameters was 
chosen in order to be representative of parameter values that have been used in previous studies. 
It was assumed that through selecting a wide range of parameter values that the optimal 
parameter values would lie somewhere within this range. If the exact value of the optimal 
parameters could not be determined by this study, a range of values within the optimal 
parameters fall could still most likely be found.  
 
It is hypothesized that longer creep/dwell times, longer thermal drift correction times, and slower 
loading rates will produce more accurate and repeatable results. Thermal fluctuations in the 
nanoindentation testing environment affect the accuracy of the capacitor-based displacement 
measurement system. These thermal fluctuations can thus produce unwanted displacement of the 
sample by the indenter head. To correct for this, tests should be performed in a thermally 
controlled environment and should allow for a correction period where the indenter is held at a 
constant load and displacement data is gathered to be used to apply a correction to the data in 
post-processing. It is assumed that a longer holding period, referred to as the thermal drift 
correction time, will produce more accurate results. It is predicted that a longer dwell time during 
which the indenter is held constant at the maximum load should also lead to more accurate 
results. Short dwell times may not allow for the applied force to truly plateau due to creep of the 
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material. Finally, slower load rates are hypothesized to produce more accurate data. It has been 
shown that bone exhibits stiffening at high strain rates [11]. Slower loading rates should not 
cause stiffening. Therefore, the combination of a long thermal drift correction time, long dwell 

































METHODS AND MATERIALS 
 
Thirty-four human iliac crest bone biopsies were obtained from Henry Ford Hospital. These bone 
samples came from individuals who have severely suppressed bone turnover from long term 
bisphosphonate treatment.  Each sample was dehydrated and embedded in Polymethyl 
methacrylate (PMMA). After being embedded in PMMA, a parallel face to the transverse cutting 
plane was milled flat. The milled face of each sample was then polished with increasingly fine 
sandpaper, starting with 300 grit, progressing to 600 grit, and finishing with 1200 grit. Using 
increasingly fine diamond polishing suspensions (6 μm, 1 μm, 0.05 μm), the samples were then 
polished to a mirror finish using a metallographic polishing machine. For this study, one bone 
sample (labeled NIH 20 by Henry Ford Hospital) was chosen at random to be used in all 
nanoindentation experiments. 
 
A nanoindenter (Nanotest 600, Micro Materials Limited, Wrexham, UK) was used to measure 
force and displacement for all nanoindentation tests performed on this sample. This 
nanoindentation system can measure load at a resolution of 3 nN and displacement at a 
resolution of 0.04 nm. A Berkovich shaped diamond tip was used for all tests. The elastic 
modulus for the tip was assumed to be 1141 GPa and the Poisson’s ratio was assumed to be 0.07. 
A standard load-displacement curve obtained via indentation contains a loading segment, a 
holding period for a set time at maximum load, an unloading segment, and a holding period for a 
set time at 10% of the maximum load to help offset thermal drift. From the unloading segment of 
this load-displacement curve, both the elastic modulus (E) and hardness (H) of the bone will be 
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calculated using a solution formulated by Oliver and Pharr that has been detailed earlier in this 
paper [4].   
 
 
Table 3.1. Test parameter values and sources 
 
 
The test plan for the chosen bone sample was designed before any testing was initiated. As 
mentioned previously, there is no standard available that details the optimal methods for 
performing nanoindentation on bone, making comparison of results across studies difficult. The 
objective of this study was to determine through experimentation and statistical analysis the 
optimal combination of three parameters used during nanoindentation of bone: thermal drift 
correction time, dwell time, and loading rate. The range of values for each parameter studied was 
determined via a literature search, the values of each parameter used in this study have all been 
used in previous studies, as detailed in Table 3.1. The exception to this is the highest thermal 
drift correction time, which was extrapolated to 150 seconds (from multiple studies that have 
used 50 second and 100 second thermal drift correction times) in order to obtain a larger range. 
A wide range of values for each parameter was chosen with the assumption that the optimal 
value would fall somewhere within this range. Using the DOE (Design of Experiments) tool in 
Minitab, the bone sample was randomly assigned 36 tests, each with different parameter values, 
as well as an order to test each parameter value set (Table 3.2). Each possible combination of the 
parameters and values are represented in the 36 tests. Each test consisted of 16 individual 
nanoindentations, performed in a four by four grid shape with 10 μm spacing between each 
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indentation. The parameters held constant across all tests were maximum load (20.00 mN), 
maximum depth (500 nm), and initial load (0.100 mN). Unloading rate was also set to be equal 

























Table 3.2. Experimental design 
 Load Rate (mN/s) Dwell (s) Thermal Drift (s) 
Test 1 0.8 5 100 
Test 2 0.05 30 50 
Test 3 0.05 60 100 
Test 4 0.05 60 50 
Test 5 0.8 5 150 
Test 6 0.05 10 100 
Test 7 0.8 10 50 
Test 8 0.8 10 100 
Test 9 0.8 30 50 
Test 10 0.05 5 150 
Test 11 0.8 30 100 
Test 12 0.05 30 100 
Test 13 0.4 5 50 
Test 14 0.05 30 150 
Test 15 0.4 60 150 
Test 16 0.4 30 150 
Test 17 0.4 10 100 
Test 18 0.05 60 150 
Test 19 0.4 10 150 
Test 20 0.8 60 100 
Test 21 0.4 30 100 
Test 22 0.4 5 150 
Test 23 0.4 60 50 
Test 24 0.05 5 100 
Test 25 0.4 5 100 
Test 26 0.05 10 50 
Test 27 0.4 10 50 
Test 28 0.8 60 50 
Test 29 0.4 30 50 
Test 30 0.8 30 150 
Test 31 0.4 60 100 
Test 32 0.8 60 150 
Test 33 0.8 10 150 
Test 34 0.8 5 50 
Test 35 0.05 10 150 





Before performing any testing on the bone sample, the nanoindentation system used was first 
calibrated using a Tungsten sample. In order to isolate the three parameters of interest, all other 
variables in this study were held as constant as possible. Only one bone sample was used for all 
tests to decrease the amount of variability in the test results due to sample to sample variability, 
and a single trabeculae within this bone sample was used for all indents. During both calibration 
and testing on bone samples, the temperature in the testing laboratory was set to 20 ०C for 24 
hours to limit temperature fluctuations within the testing laboratory that could potentially 
introduce drift into the test results. The nanoindentation system was also mounted on an anti-
vibration table in order to help reduce drift caused by external vibrations on the nanoindentation 
system. 
 




Prior to testing, the milled face of the sample was delicately cleaned with alcohol and sprayed 
with compressed air to dry. The sample was then inserted into a custom aluminum test fixture 
which was rigidly attached to the nanoindentation system. Once the sample was secured 
correctly in place within the fixture, the optical microscope mounted on the nanoindentation 
stage was moved incrementally towards the sample, using the x-axis control feature of the 
nanoindentation system, in order to focus the microscope on the bone sample surface. Once the 
surface of the bone sample was clearly visible through the optical microscope, movement of the 
microscope along the x-axis was stopped. Using the y-axis and z-axis stage controls, the optical 
microscope was then moved laterally across the face of the bone sample in order to find a region 
of uniform trabecular bone that had enough area to support one nanoindentation test and was free 






Figure 3.2. Start position image of Test 24 
 
Once a suitable region of trabecular bone was found, lateral movement of the nanoindentation 
stage was stopped. The microscope was refocused on this region of trabecular bone, which 
would be the starting position for the upcoming test, and an image of this starting position was 
taken using a camera located within the optical microscope. Figure 3.2 shows an example of one 
of these start position images, and more examples are located in Appendix A.  The parameter 
values (Load Rate, Dwell, Thermal Drift Correction Time) for the test were then entered and the 
test initiated. Once the test was completed, an image was taken of the surface of the bone with 
the indentations visible. Figure 3.3 shows an example of one of these completed test images, and 
more examples are located in Appendix B. The nanoindentation stage was then moved laterally 
to a new location along the same section of trabecular bone to a suitable region that was located 
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at least 20 μm from the indentations of the previous test, ensuring that all 16 indentations from 
each of the 36 tests were spaced at least 20 μm from the indentations of any other test. The same 
trabeculae was used for all nanoindentations. The microscope was then re-focused on this surface 
of bone (if necessary), the next test parameters were entered, and this next test initiated. This 
process was repeated for each of the remaining tests.  
 
 
Figure 3.3. Completed indentation image of Test 24 
 
The elastic modulus (E) and hardness (H) data obtained from the unloading portion of each 
indent were then processed using Minitab and Microsoft Excel. First, the elastic modulus and 
hardness data were fit to separate ANOVA models (GLM, Minitab V17, State College, PA). This 
was done to determine if the parameter levels or parameter level interactions used for each test 
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had a significant effect on the elastic modulus or hardness data that was obtained from that 
individual test. Interactions between parameter values indicate if the combination of certain 
parameter values has a significant effect on the test result. The interactions considered were load 
rate vs. dwell time, load rate vs. thermal drift correction time, dwell time vs. thermal drift 
correction time, and load rate vs. dwell time vs. thermal drift correction time.   
 
Assuming that the material properties of the bone are constant throughout the specimen, 
variation in elastic modulus and hardness measurements obtained from individual 
nanoindentations should be attributable to variation in parameter levels and parameter level 
combinations, as all other test variables were held as constant as possible. These same general 
linear models in Minitab were also used to determine if parameter levels or combinations could 
be used to predict the elastic modulus or hardness result of individual experiments. Also using 
Minitab, Bonferroni pairwise comparisons were used to determine if the differences in means of 
E or H values obtained using different parameter levels or parameter level combinations were 















In order to check the assumption that the material properties of the tested trabeculae were 
consistent throughout each 16 indent test, the coefficient of variation of the E and H results 
obtained for each test was calculated. These coefficients of variation can be seen in Table 4.1. 
Note that the coefficients of variation for each test, both for hardness and elastic modulus, were 
well under one, indicating that there was limited variation within the bone sample in regard to 
material properties. 
 
The average elastic modulus and hardness of the bone sample measured across all tests were 
17.36 ± 0.12 GPa and 0.629 ± 0.005 GPa respectively. Average modulus and hardness values for 
tests that contained each specific parameter can be seen in the following tables and graphs. Error 
bars indicate plus or minus one standard error. Mean results from parameter values that do not 
share a symbol or letter were determined to be significantly different (p < 0.05) based upon 
Bonferroni pairwise comparisons. Tables containing the modulus and hardness data for 










Table 4.1 Coefficients of variation for individual tests 
Test Number CV Hardness CV Elastic Modulus 
1 0.090 0.079 
2 0.124 0.164 
3 0.186 0.110 
4 0.230 0.234 
5 0.209 0.130 
6 0.167 0.141 
7 0.184 0.079 
8 0.313 0.182 
9 0.169 0.111 
10 0.131 0.087 
11 0.170 0.093 
12 0.129 0.091 
13 0.136 0.100 
14 0.138 0.107 
15 0.221 0.143 
16 0.122 0.062 
17 0.132 0.074 
18 0.067 0.073 
19 0.201 0.107 
20 0.162 0.136 
21 0.274 0.215 
22 0.136 0.086 
23 0.122 0.078 
24 0.123 0.091 
25 0.175 0.089 
26 0.160 0.123 
27 0.133 0.144 
28 0.118 0.067 
29 0.118 0.086 
30 0.158 0.078 
31 0.265 0.149 
32 0.119 0.073 
33 0.180 0.127 
34 0.185 0.125 
35 0.188 0.127 









Figure 4.1. Elastic modulus and hardness results for tests with indicated load rate levels. The 
average elastic modulus measured during tests using 0.05 mN/s was significantly higher than the 
average elastic moduli measured during tests using 0.4 and 0.8 mN/s (a). The average hardness 
measured during tests using 0.05 mN was significantly lower than the average hardness 








Figure 4.2. Elastic modulus and hardness results for tests with indicated dwell time levels. The 
average elastic modulus measured during tests using a 5 second dwell time was significantly 
higher than the average elastic modulus measured during tests using 10 and 30 second dwell 
times. No significant difference in average elastic modulus was found between tests using a 60 
second dwell time and all other dwell time levels (a). The average hardness measured during 
tests using 5 and 10 second dwell times was significantly higher than the average hardness 









Figure 4.3. Elastic modulus and hardness results for tests with indicated thermal drift correction 
time levels. The average elastic modulus measured during tests using a 50 second thermal drift 
correction time was significantly higher than the average elastic modulus measured during tests 
using a 100 second thermal drift correction time, and the average elastic modulus measured 
during tests using a 100 second thermal drift correction time was significantly higher than the 
average elastic modulus measured during tests using a 150 second thermal drift correction time 
(a). No significant differences were found between average hardness values measured using the 





Fitting the elastic modulus and hardness data to general linear models showed that most 
parameter values and parameter value interactions had a significant effect (p < 0.05) on the 
outcome of the test result. The elastic modulus general linear model showed that all parameters 
and parameter interactions were significant, while the hardness model showed that load rate, 
dwell time, the load rate vs. thermal drift correction time interaction, and the dwell time vs. 
thermal drift correction time interaction were significant. The R-squared value for the elastic 
modulus model was moderate (0.52) and the R-squared value for the hardness model was low 
(0.19), indicating that more variance in the elastic modulus test results can be predicted by the 









Figure 4.4. Interaction plots demonstrating impact of interaction between loading rate and dwell 
time (a); loading rate and thermal drift correction time (b); as well as dwell time and thermal 









Figure 4.5. Interaction plots demonstrating impact of interaction between loading rate and dwell 
time (a); loading rate and thermal drift correction time (b); as well as dwell time and thermal 







The goal of this study was to determine the optimal parameter values for thermal drift correction 
time, dwell time, and loading rate that should be used during nanoindentation in order to obtain 
repeatable and reliable data. Parameter levels that produced results consistent with results from 
other parameter levels within the same parameter were considered to be more repeatable than 
parameter levels that produced results that were statistically different from results obtained using 
different parameter levels within the same parameter. Parameter levels that produced data with 
lower standard errors were also considered to produce more repeatable data than parameter 
levels that produced data with higher standard errors. Nanoindentation studies performed on 
bone have consistently produced material properties that are higher than material properties 
produced via mechanical or ultrasound testing [8][11], therefore lower material property results 
were considered to be more accurate than higher material property results in this study.  
 
In regard to elastic modulus, the optimal parameter levels based upon data obtained in this study 
were 0.4 to 0.8 mN/s for loading rate, 10 to 60 seconds for dwell time, and 150 seconds for 
thermal drift correction time. As seen in Figure 4.1a, tests that used a 0.05 mN/s loading rate 
produced elastic modulus data with a significantly higher mean than tests that used 0.4 and 0.8 
mN/s loading rates. Tests that used 0.05 mN/s loading rates also produced results with a higher 
standard error. It was hypothesized that the slowest loading rate would produce the most 
optimized results, as previous studies have documented a relationship between strain rate and 
elastic modulus, but this phenomenon was not observed in this study. Previous studies noting the 
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relationship between strain rate and bone elastic modulus have been performed using 
conventional test methods, such as tensile or bending tests [22]. Conventional testing methods 
produce results that are applicable to the bone as a whole, while nanoindentation experiments 
produce results that are applicable to structures within the bone, which may explain why the 
previously reported relationship between strain rate and elastic modulus was not observed in this 
study. Figure 4.2a shows that tests using dwell times of 10 and 30 seconds produced more 
repeatable and lower elastic modulus results. A 60 second dwell time, hypothesized to produce 
optimal results, produced statistically similar results to tests using 10 or 30 second dwell times. 
Tests using the longest thermal drift correction time, 150 seconds as seen in Figure 4.3a, 
produced the lowest mean elastic modulus results (16.38 ± 0.19 GPa) with the lowest standard 
error. This is consistent with the original hypothesis. 
 
In regard to hardness, the optimal parameter levels based upon data obtained in this study were 
0.4 – 0.8 mN/s for loading rate, 30 to 60 seconds for dwell time, and 50 - 150 seconds for 
thermal drift correction time. As seen in Figure 4.1b, tests that used a 0.05 mN/s loading rate 
produced hardness data that was significantly lower than data produced using both 0.4 and 0.8 
mN/s loading rates. As 0.4 and 0.8 mN/s loading rates produced repeatable data, this range is 
suggested for obtaining accurate and repeatable hardness data. This range is also consistent with 
the recommended range for producing repeatable and accurate elastic modulus data. This 
observation is not consistent with the hypothesis that slower loading rates would produce more 
optimal results. Figure 4.2b shows that experiments performed using 30 and 60 second dwell 
times produced significantly lower hardness values than experiments performed using 5 or 10 
second dwell times, and this observation is also consistent with the original hypothesis. No 
significant differences were found in the data obtained from experiments that used the three 
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thermal drift correction time levels, although there is a downward trend in average hardness data 
obtained via experiments using longer thermal drift correction times. Despite this downward 
trend, it is suggested that a thermal drift correction time from 50 – 150 seconds will be able to 
produce accurate and repeatable hardness data.  
 
It is noted that the optimal parameter levels for elastic modulus and hardness obtained by this 
study are not identical. When these material properties are determined via nanoindentation, 
hardness is determined using maximum indentation force and indentation area (Equation 5) and 
elastic modulus is determined using these same values with the addition of the unloading 
stiffness (Equation 7). Maximum indentation force and indentation area are both determined 
before the indenter begins unloading, while unloading stiffness can only be calculated once the 
unloading process has been completed. Hardness values determined by nanoindentation are thus 
independent of unloading rate. Bone is a viscoelastic material that undergoes creep, which 
explains the difference between the unloading and loading force vs. displacement curves that are 
obtained from nanoindentation experiments in bone. The viscoelasticity of bone and the fact that 
hardness and elastic modulus values obtained via nanoindentation are calculated using curves 
with different properties can most likely explain why the optimal parameter levels for elastic 
modulus and hardness obtained in this study are not identical. If both elastic modulus and 
hardness data are desired, then this study suggests a loading rate of 0.4 to 0.8 mN/s, a dwell time 
of 30 to 60 seconds, and a thermal drift correction time of 150 seconds. Figure 4.1 shows that for 
loading rates of 0.4 and 0.8 mN/s repeatable data was obtained for both elastic modulus and 
hardness. Figure 4.2 shows that although tests using a dwell time of 10 to 30 seconds produced 
elastic modulus data that was on average significantly lower than data obtained from tests using 
a 5 second dwell time, there was no significant difference between obtained elastic modulus data 
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obtained using 10, 30, and 60 second dwell times. Tests using 150 second thermal drift 
correction times were shown by this study to produce lower results on average for both elastic 
modulus and hardness (Figure 4.3).  
 
In the future, this study could be improved and expanded upon in a variety of ways. Some of the 
parameter levels chosen had large gaps between values, such as the gap between 0.05 mN/s and 
0.4 mN/s. If more levels were chosen for each parameter, it may be possible to narrow in on even 
more optimal parameter level ranges than the ranges that have been suggested by this study. 
Only trabecular bone was observed in this study, and that bone sample was embedded in PMMA. 
Embedding methods have been shown to influence the measured material properties of a sample 
[8]. The dehydration process used to preserve bone samples has also been shown to have an 
impact on material properties [12]. In a larger scale study, cortical bone samples should be 
included, as well as samples that have been embedded via various methods, such as in paraffin, 
and preserved using various drying methods, in order to determine if there is an optimal 
combination of embedding method, preservation method, and nanoindentation parameters for 
both cortical and trabecular bone. It is a possibility that the system used was not as thermally 
stable as possible, as evidenced by the downward trend in elastic modulus and hardness results as 
thermal drift correction time is increased (Figure 4.3). In future studies, the system should be 
thermally calibrated before beginning any experimentation. It should be noted that the bone 
sample came from an individual with severely suppressed bone turnover, which has been shown 









This study was able to determine through a series of nanoindentation experiments and statistical 
analyses a set of optimal parameter values that can be used in order to obtain accurate and 
repeatable human trabecular material properties. It was determined that the optimal parameter 
values for elastic modulus measurement are 0.4 to 0.8 mN/s for loading rate, 10 to 30 seconds for 
dwell time, and 150 seconds for thermal drift correction time. For hardness measurements, it was 
determined that a 0.05 mN/s loading rate, 30 to 60 second dwell time, and 150 second thermal 
drift correction time were optimal. If both elastic modulus and hardness are of interest, this study 
showed that optimal parameters are 0.4 to 0.8 mN/s for loading rate, 30 to 60 seconds for dwell 
time, and 150 seconds for thermal drift correction time. Using these parameter values for 
nanoindentation studies in trabecular bone should allow for more standardized results and for 
more applicable comparisons across studies. 
 
This current study cannot be applied to all types of bone, as only trabecular bone embedded in 
PMMA was studied. Future studies should include cortical bone and trabecular bone, as well as 
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Figure A2. Start position of Test 2 
 
 




Figure A4. Start position of Test 4 
 
 




Figure A6. Start position of Test 6 
 
 




Figure A8. Start position of Test 8 
 
 




Figure A10. Start position of Test 10 
 
 





Figure A13. Start position of Test 13 
 





Figure A15. Start position of Test 15 
 





Figure A17. Start position of Test 17 
 





Figure A19. Start position of Test 19 
 





Figure A21. Start position of Test 21 
 





Figure A24. Start position of Test 24 
 




Figure A26. Start position of Test 26 
 
 




Figure A28. Start position of Test 28 
 
 




Figure A30. Start position of Test 30 
 
 




Figure A32. Start position of Test 32 
 
 




Figure A34. Start position of Test 34 
 
 




















COMPLETED TEST IMAGES 
 





Figure B14. Completed indentation image of Test 14 
 
 




Figure B16. Completed indentation image of Test 16 
 
 




Figure B18. Completed indentation image of Test 18 
 
 




Figure B20. Completed indentation image of Test 20 
 
 




Figure B22. Completed indentation image of Test 22 
 
 




Figure B24. Completed indentation image of Test 24 
 
 




Figure B26. Completed indentation image of Test 26 
 
 




Figure B28. Completed indentation image of Test 28 
 
 




Figure B30. Completed indentation image of Test 30 
 
 




Figure B32. Completed indentation image of Test 32 
 
 




Figure B34. Completed indentation image of Test 34 
 
 




















Measured Elastic Modulus Values for Individual Indentations 
 
 Elastic Modulus (GPa) 















1 20.036 19.206 22.250 17.030 15.604 19.217 16.223 15.116 15.815 18.438 
2 19.769 25.773 20.699 16.759 16.915 10.831 15.099 15.108 18.696 21.098 
3 18.508 17.837 18.198 24.703 14.854 16.039 16.110 17.745 15.920 20.543 
4 15.812 18.191 18.072 20.878 17.654 14.946 17.597 18.609 18.928 20.102 
5 18.616 19.518 21.370 16.476 20.426 14.125 15.986 13.094 14.022 17.841 
6 20.520 18.603 17.700 15.734 15.262 12.749 20.837 15.124 17.243 20.452 
7 21.016 24.116 18.860 25.210 14.273 16.671 17.357 17.630 18.289 19.869 
8 17.244 31.862 18.147 20.635 18.607 13.777 16.702 14.428 15.254 18.328 
9 18.650 21.691 16.704 9.548 13.408 14.949 17.755 22.859 15.628 17.695 
10 18.923 18.112 17.074 15.412 13.902 16.500 16.178 13.095 13.359 15.970 
11 19.007 20.053 15.745 17.532 15.316 13.596 15.841 15.722 17.536 20.618 
12 18.488 21.355 19.628 20.436 12.122 16.461 16.064 14.349 18.837 20.213 
13 16.735 21.704 22.531 12.915 13.958 13.549 16.547 13.295 14.689 16.441 
14 20.217 24.076 18.088 13.081 16.190 11.288 15.890 11.180 15.900 17.599 
15 21.764 24.544 14.859 16.489 14.695 14.152 15.886 12.199 13.458 19.772 
16 18.871 23.166 21.020 22.509 14.871 13.718 18.269 14.133 16.981 21.809 
 



































1 16.702 16.216 15.459 14.077 16.709 13.763 13.348 12.750 16.412 20.667 
2 18.972 17.992 13.884 13.220 13.007 14.469 15.511 13.160 16.426 19.820 
3 16.621 19.754 15.654 13.158 12.873 16.098 13.102 14.073 16.786 19.065 
4 18.375 17.896 14.794 17.004 12.615 14.253 14.842 12.471 18.622 16.867 
5 18.384 18.640 14.478 13.494 11.323 14.775 13.892 12.708 17.694 18.182 
6 17.483 21.619 16.676 12.645 10.957 13.032 13.933 14.017 19.515 18.970 
7 16.239 18.133 18.189 13.304 13.845 13.857 12.998 15.061 16.034 16.115 
8 16.357 17.861 17.921 14.474 15.188 13.511 15.279 14.660 16.057 14.618 
9 16.419 19.519 15.776 15.763 13.877 12.344 14.895 13.919 19.627 18.239 
10 15.921 18.929 17.982 12.389 15.041 14.192 12.314 14.379 17.644 17.356 
11 17.850 19.780 15.670 15.816 13.066 14.201 12.513 14.471 18.074 17.599 
12 13.601 15.582 18.767 15.296 12.841 14.879 14.674 16.102 13.434 13.139 
13 15.484 17.727 15.722 14.405 11.812 13.496 12.488 13.606 14.111 18.567 
14 19.558 18.476 15.993 13.258 12.517 13.296 12.723 12.797 18.218 16.362 
15 20.028 22.261 15.338 13.893 14.180 12.878 13.485 15.497 20.656 14.738 










































1 16.784 18.190 20.419 22.696 18.237 20.031 21.833 15.620 17.682 19.092 
2 15.981 20.720 19.784 18.469 17.761 18.118 21.366 19.135 19.572 18.296 
3 11.029 19.889 18.031 20.616 20.814 24.004 19.271 18.165 16.032 18.483 
4 15.541 17.199 19.197 17.943 16.761 20.627 17.347 17.158 15.592 16.983 
5 23.357 19.756 20.234 19.289 18.672 20.736 22.384 18.667 19.981 18.410 
6 18.145 21.913 20.048 22.279 19.064 17.534 24.959 17.587 18.096 19.287 
7 12.770 17.190 19.172 21.358 18.594 23.439 19.228 17.158 18.226 18.489 
8 14.825 17.099 18.787 20.082 19.402 23.633 16.811 17.494 15.652 17.953 
9 20.869 20.848 16.571 22.091 17.701 24.376 24.654 20.166 17.897 16.838 
10 15.966 17.696 21.700 19.080 22.053 17.554 24.110 19.779 18.328 16.836 
11 12.734 16.484 16.640 23.329 17.461 22.120 14.734 16.590 18.445 16.926 
12 17.600 18.688 18.494 18.655 22.946 19.727 19.646 19.598 16.179 17.622 
13 22.339 18.321 17.889 22.206 19.450 23.018 25.651 18.787 20.847 14.859 
14 14.730 16.767 21.835 16.768 21.982 26.817 22.506 18.270 19.382 14.540 
15 11.848 17.157 18.057 19.451 19.360 24.964 22.384 18.443 19.715 17.062 
16 14.404 18.633 18.821 20.437 19.191 22.776 19.977 16.914 17.629 15.800 
 



























1 11.948 21.646 18.583 18.647 12.940 15.208 
2 18.156 21.211 19.718 18.989 13.561 16.760 
3 20.442 18.377 16.526 13.967 19.677 16.588 
4 19.742 20.507 14.622 15.591 15.572 17.243 
5 18.446 21.626 19.780 14.904 13.251 14.878 
6 15.899 18.431 21.514 16.589 12.438 15.066 
7 21.813 18.059 16.961 16.698 14.996 15.969 
8 18.601 19.015 14.496 12.431 14.100 17.482 
9 22.567 19.199 21.490 17.440 13.768 17.692 
10 14.435 17.365 21.604 17.249 14.863 16.610 
11 21.513 18.176 19.884 15.528 14.020 18.517 
12 18.172 19.958 16.191 13.595 18.564 22.032 
13 15.988 17.597 17.342 14.390 16.285 13.731 
14 20.869 18.713 16.736 19.043 13.919 20.129 
15 18.522 20.430 21.034 19.208 15.952 15.017 




Measured Hardness Values for Individual Indentations 
  Hardness (GPa) 















1 0.710 0.489 0.641 0.492 0.523 0.761 0.624 0.554 0.650 0.534 
2 0.681 0.669 0.709 0.474 0.737 0.386 0.606 0.583 0.852 0.602 
3 0.661 0.471 0.620 0.653 0.622 0.545 0.659 0.799 0.591 0.814 
4 0.569 0.592 0.552 0.468 0.667 0.575 0.712 0.610 0.746 0.661 
5 0.626 0.517 0.722 0.505 0.958 0.521 0.657 0.563 0.495 0.512 
6 0.727 0.525 0.565 0.448 0.632 0.447 1.062 0.505 0.643 0.605 
7 0.698 0.576 0.553 0.695 0.508 0.605 0.675 0.773 0.773 0.646 
8 0.724 0.696 0.462 0.572 0.826 0.453 0.560 0.515 0.640 0.660 
9 0.624 0.476 0.520 0.304 0.481 0.550 0.751 1.182 0.654 0.674 
10 0.733 0.550 0.577 0.529 0.502 0.648 0.639 0.471 0.486 0.538 
11 0.650 0.513 0.410 0.703 0.593 0.534 0.589 0.572 0.715 0.738 
12 0.638 0.575 0.518 0.750 0.465 0.593 0.569 0.551 0.647 0.746 
13 0.530 0.632 0.804 0.361 0.521 0.545 0.532 0.576 0.633 0.616 
14 0.713 0.679 0.563 0.406 0.639 0.453 0.656 0.393 0.685 0.617 
15 0.761 0.609 0.410 0.521 0.645 0.596 0.567 0.415 0.442 0.753 
16 0.669 0.526 0.649 0.589 0.556 0.442 0.778 0.435 0.512 0.755 
 



































1 0.544 0.545 0.568 0.597 0.722 0.647 0.627 0.556 0.496 0.738 
2 0.620 0.661 0.593 0.525 0.533 0.593 0.745 0.601 0.591 0.719 
3 0.582 0.681 0.602 0.501 0.477 0.775 0.563 0.599 0.609 0.822 
4 0.576 0.535 0.567 0.679 0.456 0.514 0.728 0.498 0.895 0.631 
5 0.775 0.694 0.536 0.548 0.394 0.732 0.678 0.585 0.574 0.651 
6 0.553 0.618 0.763 0.464 0.369 0.565 0.679 0.650 0.743 0.762 
7 0.553 0.573 0.795 0.484 0.546 0.598 0.500 0.655 0.461 0.668 
8 0.532 0.519 0.728 0.524 0.565 0.545 0.775 0.599 0.784 0.522 
9 0.572 0.583 0.718 0.699 0.583 0.532 0.750 0.643 0.756 0.631 
10 0.568 0.555 0.849 0.497 0.656 0.568 0.553 0.567 0.644 0.698 
11 0.566 0.808 0.686 0.666 0.541 0.635 0.592 0.601 0.663 0.690 
12 0.394 0.514 0.736 0.586 0.488 0.648 0.721 0.603 0.576 0.475 
13 0.503 0.550 0.631 0.599 0.484 0.556 0.538 0.555 0.496 0.645 
14 0.708 0.669 0.711 0.515 0.514 0.531 0.546 0.549 0.547 0.709 
15 0.827 0.637 0.604 0.563 0.569 0.510 0.646 0.607 0.874 0.501 







































1 0.561 0.547 0.626 0.607 0.607 0.638 0.733 0.526 0.590 0.745 
2 0.572 0.695 0.632 0.719 0.710 0.703 0.706 0.679 0.666 0.581 
3 0.374 0.839 0.500 0.688 0.807 0.741 0.680 0.571 0.506 0.647 
4 0.580 0.603 0.534 0.519 0.630 0.458 0.552 0.510 0.561 0.611 
5 0.963 0.611 0.648 0.595 0.737 0.541 0.781 0.601 0.721 0.826 
6 0.784 0.726 0.613 0.654 0.771 0.497 0.821 0.617 0.694 0.671 
7 0.513 0.698 0.656 0.675 0.718 0.622 0.704 0.595 0.757 0.701 
8 0.563 0.594 0.491 0.797 0.704 0.781 0.572 0.553 0.657 0.581 
9 0.854 0.662 0.501 0.609 0.751 0.516 0.793 0.628 0.605 0.669 
10 0.704 0.482 0.679 0.652 0.809 0.520 0.851 0.691 0.633 0.587 
11 0.434 0.541 0.525 0.844 0.716 0.707 0.570 0.528 0.625 0.515 
12 0.703 0.700 0.488 0.616 1.205 0.791 0.664 0.801 0.544 0.612 
13 0.944 0.642 0.588 0.639 0.710 0.669 0.849 0.620 0.800 0.623 
14 0.568 0.539 0.721 0.581 0.956 0.713 0.846 0.607 0.700 0.508 
15 0.416 0.595 0.541 0.624 0.759 0.731 0.780 0.626 0.705 0.438 
16 0.573 0.672 0.589 0.755 0.818 0.679 0.746 0.539 0.706 0.482 
 



























1 0.380 0.659 0.657 0.821 0.551 0.589 
2 0.620 0.730 0.659 0.730 0.518 0.559 
3 0.628 0.619 0.595 0.559 0.963 0.619 
4 0.591 0.784 0.634 0.696 0.647 0.649 
5 0.763 0.678 0.665 0.623 0.615 0.613 
6 0.565 0.581 0.793 0.659 0.529 0.533 
7 0.765 0.646 0.638 0.764 0.667 0.645 
8 0.540 0.632 0.599 0.503 0.521 0.681 
9 1.145 0.656 0.787 0.833 0.540 0.587 
10 0.443 0.512 0.713 0.711 0.645 0.739 
11 0.624 0.653 0.675 0.701 0.569 0.697 
12 0.575 0.629 0.644 0.578 0.822 0.838 
13 0.592 0.684 0.581 0.659 0.756 0.439 
14 0.834 0.574 0.549 0.914 0.542 0.691 
15 0.660 0.795 0.688 1.054 0.664 0.463 
16 0.552 0.524 1.093 0.727 0.606 0.446 
 
